Monte Carlo simulations using an explicit solvent model indicate a new pathway for translocation of a polymer chain through a lipid bilayer. We consider a polymer chain composed of repeat units with a given hydrophobicity and a coarse-grained model of a lipid bilayer in the self-organized liquid state. By varying the degree of hydrophobicity the chain undergoes an adsorption transition with respect to the lipid bilayer. Close to the transition point, at a properly balanced hydrophobicity of the chain, the membrane becomes transparent with respect to the chain. At the same time the solvent permeability of the bilayer is strongly increased in the region close to adsorbed chain.
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Lipid bilayers formed by self-organization of amphiphilic molecules form the natural border of living cells, thus protecting the interior of the cell from the environment, but also allowing for exchange of substances and information between the cell and its surroundings. A challenging problem is to understand the translocation of biopolymers through lipid bilayers. In particular it would be desirable to know under which conditions polymers can cross the cell membrane which otherwise forms a strong barrier against exchange of larger molecules. Some anti-microbial peptides [1] , cell-penetrating peptides [2] and drugdelivery polymers [3] have been shown to penetrate through phospholipid bilayers. Despite considerable effort devoted to the problem, physical principles underlying their membrane activity and translocation behavior are not well understood. The suggested mechanisms of interaction of biopolymers with bilayers [4] imply formation of static structures in the membranes such as stable pores. However, the formation of static well-ordered structures by polymers without a secondary structure is questionable, and their translocation through membranes [3, 5] may indicate the existence of other translocation mechanisms. Recent studies [3] have shown that at certain conditions amphiphilic copolymers can translocate through membranes and simultaneously enhance permeability of membranes for low molecular components without evidence of formation of static pores or other structures. Such ability to facilitate the permeation of membranes has important applications in red blood cells preservation [3] , trans-membrane drug delivery [4] , enhancement of intestinal wall for drugs [6] and gene delivery [7] .
Understanding these mechanisms of interaction of polymers with bilayers is of particular importance for development of efficient delivery vectors which are able to transport drugs or foreign DNA into the cell [8] [9] [10] . On the other hand, there are indications that biopolymers interacting with cell membranes might significantly increase permeability with respect to small molecules such as trehalose depending on the amount of charged side groups of the polymer [3] .
In this work we explore a simple model-system where the lipid bilayer is formed by coarse grained and flexible amphiphilic molecules using an explicit solvent model to prevent artifacts due to strong hydrophobic interactions, but also to be able to consider the permeability of the self-organized membrane with respect to the solvent. Polymer chains interact with the membrane via an effective hydrophobicity of the monomers which should mimic the effect of a hetero-polymer having both hydrophilic and hydrophobic components. Charge effects will be disregarded in our work focusing on short-range interactions between the monomers of the chains and the monomers of the lipid-molecules. These simplifications allow for the understanding of a fundamental relation between the hydrophobic interactions between polymers and lipids and the translocation and permeability barrier of the lipid-bilayer. In particular we will show that lipid-bilayers become transparent for the polymer chains if the effective hydrophobic interactions drives the chains near the adsorption threshold with respect to the membrane. Deviating from this adsorption threshold only slightly the chain is either rejected from the membrane, or trapped inside the hydrophobic core. We also demonstrate that close to the adsorption threshold the permeability of the membrane with respect to the solvent molecules in the environment of the chain is strongly increased. After presenting briefly some details of the simulation method we will report our results.
In order to simulate lipid bilayers and their interaction with linear chains we use the bond fluctuation method (BFM) [11, 12] , using a short-range interaction model between the different species. The model is well established to simulate various polymer systems, details of our implementation of the interaction model can be found in Ref. [13] . In this work we consider an explicit solvent model which avoids freezing effects and related artifacts due to strong attractive interactions imposed by solvent-free models [14, 15] . Since we use local monomer moves only the algorithm mimics a proper diffusional dynamics of polymers, lipids and solvent.
The hydrophobic effect is modeled as a short-range repulsive interaction (energy penalty for pair contacts) between monomers of different hydrophobicity. Each of the 24 next nearest lattice sites of a tagged BFM-monomer of type A is associated with an energy penalty, ǫ AB , if it is occupied by an interacting monomer of type B [16] . The resulting internal energy of the tagged monomer rules the elementary Metropolis step. In a four component system (t,h,c,s) in the most general case six interaction constants can be fixed. We used a simplified interaction model according to Fig. 1 , where only two independent interaction energies, ǫ 0 and ǫ 1 are considered according to
Hence, we assume that solvent (s) and heads (h) are indistinguishable with respect to their interactions with other (hydrophobic) species. Applying the above model to random starting configurations of lipids in solvent (without chains), self-assembled lipid bilayers in a planaror vesicular shape were obtained depending on boundary conditions and lipid volume fraction. In the following we consider planar bilayers consisting of 300 lipids in a cubic box of size 64 with periodic boundary conditions in all directions. The starting configuration of the bilayer has been chosen such that the self-organized membrane spreads over the periodic boundaries in x-and y-direction and shows a stable orientation perpendicular to the z-axis.
Therefore, the (x, y)− plane of the lattice is subsequently used as a fixed reference-plane for the bilayer. We have chosen ǫ 0 = 0.8 (units of k B T ) which leads to the formation of stable bilayers. To characterize the extension of the bilayer, we calculated the center of mass z = z and the variance σ z 2 = z 2 −z 2 of the z-positions of all tail monomers during our simulations. We define the boundaries of the bilayer by z ± =z ± 2σ z . We added single chains of various chain length, L c , to the simulation box with an effective hydrophobicity,
Typical snapshots for L c = 64 are shown in Fig. 2 .
In the following we show simulation results under variation of ǫ 1 at constant ǫ 0 = 0.8. We define the relative hydrophobicity of the chain according to
As can be seen in Fig. 2(a) , for H = 0 the (hydrophilic) chain is rejected by the lipid bilayer and its conformations correspond to a self-avoiding walk in good solvent. By increasing the relative hydrophobicity the bilayer changes its energetic characteristics from a potential barrier for H = 0 into a potential trap for H = 1 with respect to the chain.
This resembles an adsorption scenario of a chain at a penetrable potential well.
In general, one expects a characteristic value of H A where the chain is just at the transition to the adsorbed state. In order to characterize the transition point in our model we have calculated the fluctuation of the contact energy U t,c , (heat capacity) between tail monomers and chain monomers as shown in Fig. 3(a) . At the transition point the fluctuations display a Let us consider the frequency of permeations (translocations) of molecules of species α through the model bilayer,
where n α is the number of permeation events and ∆t is the simulation time in units 10 7 Monte
Carlo steps (MCS). The permeability, P α , of the membrane with respect to species α is proportional to the translocation frequency T α in the case of a given concentration difference on both sides of the membrane. For simplicity, let us here define the permeability as a translocation frequency per surface area where the surface area, A, is given by the projection of the membrane to the (x, y)-plane of the lattice.
We detected permeation events both of solvent molecules as well as of the linear chain using the trajectories of their centers of mass with a time resolution of 100 MCS. The zcomponents of the trajectories have been analyzed with respect to their crossing points with two thresholds, l ± , on both sides of the bilayer center,z. If a molecule passed successively through both planes defined by l + and l − we counted one permeation event for the respective molecule species. For the solvent molecules we define the two thresholds, l ± , to be identical to the boundaries of the bilayer, l (S) ± = z ± . For the polymer chain we fixed the thresholds to l (C) ± =z ± 23, where we concluded from the center of mass distribution of the longest chains, L C = 128, that they are well separated from the bilayer.
The results for the frequency of translocations of the chain, T C (H), are displayed in Fig. 3(c) . Here, we have rescaled the frequency of translocations with the center of mass diffusivity of the free chain which is ∼ 1/L C . Translocation of the chain is clearly shown close to the adsorption transition. We note that at H 0 = 1/2 the lipid tails are equally repulsive as the solvent with respect to the chains. However, in the self-assembled state the tails are stretched and partially ordered which imposes a Free energy effort to insert the chain into the bilayer at H 0 similar to the case of a polymer brush [19, 20] . Let us denote this Free Energy barrier by ∆F ins = N∆µ. In order to compensate this barrier an effective attraction strength of ǫ = χ 0 ǫ 0 ∆ with ∆ = (H −H 0 )/H 0 is necessary. Here, χ 0 accounts for the average number of monomers interacting with a given chain monomer. For µ = ǫ the free energy barrier vanishes. On the other hand, surface adsorption of the chain can occur, because for monomers directly in contact with the bilayer's core an effective attraction potential with a depth of −ǫ/χ 0 is forming on both sides of the core. The chain can be localized at this potential trap with a limited penetration into the core. A closer analysis for the case of an ideal chain reveals an adsorption threshold [21] which very close to µ = ǫ. This can explain the coincidence between the critical point of adsorption and the translocation of the chain.
However, we note that the ideal chain model might not be fully appropriate here since the chain is in a collapsed state at the transition point.
An interesting measure for perturbations of the bilayer due to an adsorbing polymer chain is the permeability, P S , of the bilayer with respect to the solvent molecules. In Fig. 4 we show the local permeability P S ( d) for various hydrophobicities H as a function of the projected distance vector between entering points and chain, d. The permeability of the solvent is only increased in the immediate environment of the adsorbing chain near H A .
Note that close to the center of the chain solvent permeability is partially screened by the polymer globule.
To conclude our results we have shown that for a simplified model of the lipid bilayer the point of adsorption of the chain controls both the solvent permeability and the chain translocation through the membrane. This can be explained by assuming the membrane core as a potential well for the polymer chain which becomes transparent if the relative hydrophobicity of the monomers is balanced in such a way that both the solvent and the hydrophobic core of the membrane are equally poor environments for the chain. The translocation maximum and the point of adsorption indicate a threshold for insertion of chain monomers into the bilayer core. Perturbation of the membrane properties due to chain adsorption correlates with enhanced solvent-permeability of the membrane close to the adsorption point. In
